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Introduction Potvin (2009) argues that an engineer only has a few options available for reducing the risk associated with seismicity. These options include dynamic support design, mine layouts to minimise stress concentrations, and limiting exposure of personnel to the working face. In instances where this is not possible, exposure is controlled in other ways. For high seismic hazard scenarios this is achieved through the use of re-entry protocols. It is well established that after blasting and large events there is an increase in seismic activity (Woodward et al. 2017) . The behaviour of seismicity after these blasts and large events can be described by the Modified Omori Law (MOL) as defined by (Utsu 1961) . Although the MOL was initially used in tectonic seismology, it is just as effective for mining induced seismicity (Woodward et al. 2017 ).
There is a need for understanding and determining a reasonable and defensible re-entry time period after each blast. An accurate method would maximise the safety of personnel and limit the loss of equipment, whilst limiting the impact on production. Although several re-entry techniques are available they all rely, to some extent, on the 'experience' or 'expertise' of the engineer on site. Unfortunately, this experience comes at the cost of historical bad judgements (Mendecki 2008) and, when conditions change, that expertise is not readily transferred. For an in-depth discussion refer to Hudyma (2008) , Mendecki (2008) , Vallejos and McKinnon (2010) . Vallejos and McKinnon (2010) proposed a methodology aiming to limit the effect of the human experience on the interpretation of the seismic sequences. Their method (V&M method), would allow the onsite engineer to compare the current response to the rock mass statistics based on the historical responses. They proposed three protocols that would indicate when conditions are favourable for re-entry. This paper uses this relatively new V&M method and applies it to two seismically active underground mines. The practical systematic implementation of the method and the challenges for doing so, is described. The extent of 'favourable', as described by this method is also quantified. A 'blanket' rule is applied to the data to provide a base line for the comparison of the performance of the V&M method. Vallejos and McKinnon (2010) investigated 340 different seismic sequences from nine different mines with the aim of defining a methodology to determine when conditions are favourable for re-entry. The study states that the single most important characteristic of mining induced seismicity, relevant to the development of re-entry protocols, is that following large seismic events or blasts there is a short-term increase in levels of seismic activity that, over time, decays to background levels. This decay can adequately be described by the MOL, developed from observed decay rates of large earthquake aftershocks.
Systematic implementation of the method
This section discusses how the V&M method is used for re-entry and how this method was automated for use on mine sites. To ensure clear distinction between the two methods, the 'V&M method' will refer to the methodology proposed by Vallejos and McKinnon (2010) . The automated version for the V&M method will be called the 'automated V&M method'. For clarity sake, the discussion of the proposed methodology and the systematic implementation is separated in following discussions.
To enable its use on a routine basis, the automated V&M method was implemented into an software app (Woodward et al. 2015) available through the mXrap software (Harris & Wesseloo 2015) . To enable a systematic implementation the methodology needed to be codified. As was shown in the following sections, the codification of the method still conforms to the ideas of the V&M method.
Modified Omori Law
The MOL is an empirically derived model for aftershock decay, used to analyse the properties of aftershock sequences produced by seismic events. Seismic responses within this context, generally, are satisfactorily described by the MOL with the following equation (Utsu 1961) :
where:
n(t) = rate of occurrence of aftershocks as a function of the time t elapsed since the main event. K = productivity parameter related to the total number of events in the sequence. c = offset time constant. p = parameter related to the speed of decay.
In order to define a methodology for the development of re-entry protocols, Vallejos and McKinnon (2010) assumed the seismic response of the rock mass after blasting, can be described by the parameters determined from the MOL. It is the distribution of these MOL parameters, which forms the basis of the Monte Carlo simulation used to describe the responses statistically. Vallejos and McKinnon (2010) suggested the use of three protocols to determine when conditions are favourable for re-entry. The following sections will discuss these three protocols and how they were implemented for the two sites under discussion.
Seismic envelopes (1st protocol)

V&M method
The first protocol in the V&M method is the calculation and use of seismic envelopes to evaluate a current response against the statistics of the historical responses. The envelopes are determined by a Monte Carlo simulation based on the MOL parameters. Figure 1 shows the seismic envelopes, with two different responses (blue and red lines). A response in this context refers to the seismic activity related to the trigger (specifically blasts). Each seismic envelope describes the upper percentage value for the responses; that is, for the 90th percentile line, only 10% of the responses have exceeded this line historically. Conditions were favourable when a response crosses the envelopes in a sub-horizontal fashion. In Figure 1 , the 2nd response (red line) is moving through the envelopes in a sub-vertical direction and, therefore, re-entry is not favourable. On the other hand, the 1st response (blue line) moves in a sub-horizontal direction and, hence, indicates that conditions are favourable for re-entry. 
Automated V&M method
Two challenges were faced during the automation of this protocol. The first, the methodology does not state how much sub-horizontal movement is required to indicate favourable conditions. This, in the V&M method, is taken to occur when the response crosses through an envelope. The plotted envelope lines in the different cases presented by Vallejos and McKinnon (2010) were not consistent and it appears as though the envelopes were adjusted subjectively to aid the interpretation. To automate and ensure objectivity, the responses were visually expressed in the envelope space; that is, the response is expressed as the percentile value of the Monte Carlo simulation. Such an approach would eliminate the visual ambiguity found in Figure 1 . Figure 2 shows the two different ways to view the seismic response. The second challenge was the fluctuation seen for the response in the percentile-time space. That is, there is high variation in the response percentile values at the start of the envelopes, and then a low variation at the end of the envelopes. At the start all of the MOL envelopes are at the exact same value and only after some time do they sufficiently separate and, hence, movement of the response in this time frame is exaggerated. In contrast, the ends of the MOL envelopes get more separated, which results in the response movement stagnating. In an attempt to reduce this fluctuation, movement is only considered 30 minutes after the envelopes start. This meant that all re-entry times had a minimum re-entry time of 90 minutes and a maximum re-entry time of 23 hours.
2.3
Time of maximum curvature (2nd protocol)
V&M method
The 2nd protocol proposed for determining when conditions are favourable for re-entry is based on the time of maximum curvature (T ). The T is the time at which the response transitions from a high to a low event rate when obeying the MOL. Vallejos and McKinnon (2010) defines T as:
Where parameters K, p and c have the same definition as in Equation (1).
The T boundary is determined via a Monte Carlo simulation of the distributions of the MOL parameters. The same responses (blue and red lines) as in Figure 1 are shown in Figure 3 , with the addition of the maximum T boundary as the grey line. The V&M method defines re-entry as favourable when the response curve moves through the T boundary line, which was assumed as the upper boundary of the scatter plot obtained from the Monte Carlo analysis. The response curve in this instance indicates the number of events in a two hour moving window. 
Automated V&M method
In the automated V&M method, the T boundary line is redefined in such a way that the K-parameter is eliminated. This then removes the need for a Monte Carlo simulation, and reduces computer processing time. The boundary is now expressed as the percentile of the p-parameter from the statistics:
Where the parameters have the same definition as in Equation (1). Similar to the V&M method, the conditions are taken to be favourable for re-entry when the response curve moves through the T boundary line. For this paper the T boundary is based on the 99.9% of the p-parameter. The automated V&M method also uses a two hour moving time window to determine the response curve.
Background level (3rd protocol)
V&M method
The third protocol is based on the background level of seismicity experienced on a site. Typically, most of the events recorded occur in the hours immediately after blasting; a typical diurnal chart is shown in Figure 4 (a). The background level in the V&M method was determined based on a Chi-squared test for the cumulative ascending distribution (CAD) of the diurnal charts, Figure 4 (b). Vallejos and McKinnon (2010) argues that, evaluating the data in this way removes most of the events associated with blasting, and the events left in the other hour bins are indicative of a background level. The background level B is then determined through:
% is the percentage of background activity.
is the total activity for the time period of interest. Vallejos and McKinnon (2010) does not explicitly state the distance and time window considered in their analyses. Nor do they make it clear if the same distance and time is considered for each response. However, to ensure an automated V&M method, these two parameters need to be explicitly stated. These values may differ between mines, but should be consistently used within the areas investigated.
Automated V&M method
Determining the quasi-static background level is inherently difficult and not even the complex technique used by the V&M method is likely to ensure consistency. Therefore, the technique used here aims to be more easily understood and implemented without having a large effect on the consistency of the protocol. The method used for the automated V&M method also considers the CAD of the diurnal chart, but instead of finding a flex point in the data based on the P Chi-Sq value, it uses the 12th highest bin.
3 Case studies
Methodology
Two open stope mines were considered for this study. The response statistics for both mine sites were based on the MOL fits for the blasts available at the time. All responses were limited to a radius of 150 m from the blast and an analysis time of 23 hours with an appropriate M min -value. Only responses of 20 events or more are considered. This is mainly due to requiring this number of events, for fitting an MOL curve. In instances where data was too erratic, and the Anderson-Darling parameter (Anderson & Darling 1954 ) indicated a poor fit, the curve was discarded.
For each of the mine sites, appropriate threshold values were determined for each of the protocols. These values were then consistently used to determine when conditions were favourable for re-entry. To determine the effectiveness of the methodology, a success is described as preventing exposure to a seismic event of local magnitude (M L ) above a certain threshold. In this paper, two scenarios are considered, M L > 0 and M L > 1. Re-entry in this setup is defined as the earliest time when the thresholds for the three protocols are exceeded at the same time.
Results
One of the two sites considered is Tasmania Mine. For this mine site a M min of -1.5 was used and 82 MOL fits were possible from the database. Table 1 summarises of the parameters from the responses. Based on the automated V&M method, re-entry occurs at the time when the response drops 3% in the envelope chart (1st protocol), it moves below the 99.9% T boundary line and it drops to below two times the background ratio. The background ratio, in this instance, is based on the last six months of data for a 500 m distance around the blast under consideration; the 12th highest event rate bin is used for the quasi-static background level.
As was discussed in the previous section; when none of the protocol thresholds were triggered, re-entry is taken as 23 hours. Also, the first 90 minutes are excluded to ensure the percentiles are not erratic and trigger the thresholds incorrectly. Events which occur within the first 90 minutes are considered avoided. Prevention of exposing workers or equipment to the occurrence of a large seismic event is considered a success whilst it is considered a failure when workers or equipment was exposed to the occurrence of the large event. Based on these thresholds the following results were obtained (Table 2) : The performance of the method is reasonable. For all events of M L > 1 that occurred in a blasting sequence within 23 hours, 84% of them were excluded with the automated V&M method. However, using a 'blanket' rule of 7.7 hours, one is able to improve the number of prevented events with an additional 5%. For events of M L > 0 these values are similar, and one needs to conclude that the automated V&M method, as described in this paper, is no better than the 'blanket' rule method for the same amount of hours.
A similar study was performed on Mine A. This site has large events pre-dominantly on large geological structures. The MOL parameters are based on 135 responses, and a M min -2.0 was used for this analysis. Table 3 summarises the MOL parameters used for the analysis. Table 4 summarises the results obtained for Mine A. For this mine site the automated V&M method, outperforms the 'blanket' rule for the same average exclusion time. For M L > 2 the two methods have the same performance but for M L > 1 the automated V&M method out performs the 'blanket' rule by 7% and for M L > 0 this increases to 11%. These are significant gains in the number of events prevented, and indicate that this methodology might be helpful at some underground mines. • The system sensitivity for micro-seismic systems differs spatially depending on the local density of the sensors. To try and eliminate this effect, a M min was used to filter the data. Since the sensitivity differs spatially further improvement is possible with adjustment to the K-parameter (productivity) according to the local sensitivity.
• The fluctuations seen during the analysis process of the first protocol needs to be investigated further. This would ensure more consistent results.
Conclusion
The V&M method was codified to enable automation for practical implementation on mine sites with a comprehensive seismic data record. It was shown the methodology, in some cases, may be an improvement on the widely used 'blanket' rule implemented on many mine sites.
For the Tasmania Mine the 'blanket' rule was ~5% better at preventing exposure to large events. For Mine A the automated V&M method was ~10% better than the 'blanket' rule. The condition under which the method is more accurate for re-entry is not clear and requires further investigation. There are also some indications and suggestions made in this paper for the improvement of the implementation.
